. Mean temperature and rainfall during the growing seasons in 2015 and 2016. The regulatory effect of GA 4+7 under two application methods (shank-smearing and silk-smearing) were studied in 113 2015-2016. Shank-smearing with GA 4+7 at the rate of 0 (CK1), 10 (T1), 60 (T2), and 120 (T3) mg L-1, while silk-smearing 114 also at the rate of 0 (CK2), 10 (S1), 60 (S2), and 120 (S3) mg L-1 were used. Smearing applications were conducted at one 115
week after silking stage (R1). The experiment was laid out in a randomized complete block design (RCBD) using three row-row distance of 17 and 60 cm, respectively. All plots were supplied with 225 kg N ha −1 , and 120 kg P 2 O 5 ha −1 . All P 6 119 fertilizers and 60% of the N fertilizer were applied at pre-sowing. The remaining 40% of urea (N 46%) was applied as a 120 top dressing at the twelfth leaf stage (V12). During the entire growth period, disease, pest and weed control in each 121 treatment were well controlled. Irrigation was applied when it was necessary. The grain-filling data were fitted using the Richards growth equation [39] :
The grain-filling rate (G) was calculated as the derivative of Eq (1):
133
(2) 
149
The quantification of IAA, ZR, GA 3 and ABA was done using 50 µL sample (standard sample or the test sample) and
150 50 µL of the diluted antibody were added into each well of the elisa plate, and the plate was placed in the wet box at 37 °C 151 for 0.5 h. The plate was then washed 4 times with phosphate-buffered saline (PBS) containing 0.1%(v/v) Tween-20, and
152
Then add 100 µL of the diluted IgG-HRP was added to each well, and the plate was put in the wet box at 37 °C for 0.5 h.
153
Afterwards, the plate was washed 4 times again, and then it's the color reaction. To each well will be added 100 µL chromogenic reaction was also carried out in the wet box, and the reaction was terminated by adding 50 µL 2 mol L -1
157
H 2 SO 4 . The absorbance of the solution was read at 490 nm by a spectrophotometer.
158
The logit curve was used to calculate the ELISA results. Hormone concentration was expressed as ng g -1 fresh weight. 
175
The breakdown of H 2 O 2 was followed by measuring the absorbance change at 240 nm. concentration of GA 4+7 in silk smearing treatment, i.e., T3 and S1 had a relatively small impact on increasing yield 202 compared with control treatment (CK). However, the grain yield of T3 and S1 were still improved by a relatively large 203 amount in 2016. The two year average grain yields under T1, T2, and T3 treatments were increased by 1050.4kg ha -1 , 204 2132.6 kg ha -1 , 348.8 kg ha -1 , 12.1%, 24.6%, and 4.0% increases compared with CK1, whereas that of S1, S2, and S3 9 205 treatment were greater by 431.9 kg ha -1 , 2863.4 kg ha -1 , 1745.6 kg ha -1 , respectively, i.e., 5.11%, 33.9%, and 20.7%
206 increases compared with CK2. represent shank-smearing with GA 4+7 at the rate of 0, 10, 60, and 120 mg L -1 , respectively. CK2, S1, S2 and S3 represent 228 silk-smearing with GA 4+7 at the rate of 0, 10, 60, 120 mg L -1 , respectively. The vertical bars represent the ± the standard 229 error of the mean (n = 3).
207
230 The IAA and ZR contents in maize grains exhibited a similar pattern during the grain filling process. The IAA and
238
ZR contents increased linearly during the initial grain-filling stage and attained the maximum peak curves at 28 DAS for 239 all treatments ( Fig. 3 and 4) with GA 4+7 at the rate of 0, 10, 60, and 120 mg L -1 , respectively. CK2, S1, S2 and S3 represent silk-smearing with GA 4+7
255
at the rate of 0, 10, 60, 120 mg L -1 , respectively. Different letters within each growth stage are significantly different (P < 256 0.05). The vertical bars represent the ± the standard error of the mean (n = 3). The GA 3 contents in the grains exhibited a gradually decreasing trend during grain filling, except for S3 treatment 259 ( Fig. 5 ). S3 treatment decreased the level of GA 3 in grains from 14 to 21 DAS and rose abruptly to a peak of 28 DAS, and 260 then decreased steadily after the respective peak. The trend is different from other treatments, and it is necessary to deepen 261 the research to explore the mechanism of its raise. Compared with control treatments, T2 and S2 treatments significantly 262 increased the GA 3 contents in grains and followed by T1 and S3. The average GA 3 contents under T1, T2, and T3 treatments 263 during the whole grain filling stage were increased by 9.1%, 26.4%, 5.1% compared with CK1, while that of S1, S2, and 264 S3 treatments were greater by 11.6%, 25.9%, and 22.3% compared with CK2. with GA 4+7 at the rate of 0, 10, 60, and 120 mg L -1 , respectively. CK2, S1, S2 and S3 represent silk-smearing with GA 4+7 267 at the rate of 0, 10, 60, 120 mg L -1 , respectively. Different letters within each growth stage are significantly different (P < 268 0.05). The vertical bars represent the ± the standard error of the mean (n = 3). The ABA content increased rapidly at the early grain-filling stage, reached to a maximum at 28 DAS, and then 271 declined progressively in later stages. At the same sampling period, ABA content was decreased with the increase of GA 4+7
272 concentration under shank-smearing treatments, while that under silking-smearing treatments was gradually increased with 273 the increasing of GA 4+7 concentration (Fig. 6 ). T1 and S3 treatments have the significant effects on ABA contents in grains 274 at all sampling period, followed by S2 and T2. The average ABA contents during the whole grain filling stages under T1 275 and T2 treatments were increased by 14.0 ng g FW -1 , 7.4 ng g FW -1 , 12.8%, and 7.4% increases compared with CK1,
276
whereas that of S2 and S3 increased by 7.9 ng g FW -1 , 14.9 ng g FW -1 , respectively, i.e., 13.6% and 7.9% increases 277 compared with CK2. However, T3 and S1 had no significant effect relatively on increasing ABA contents compared with 278 control treatment (CK). The SOD activity showed a downward trend from 15 to 45 DAS under all treatments (Fig. 7) . The SOD activity was 286 significantly improved in GA 4+7 -treated plants at a varied level, Compared to control. 10 mg L -1 (T1 and S1) and 60 mg L -1
287
(T2 and S2) GA 4+7 treatments had the significant effects for improving SOD activity than highest concentration of 120 mg 288 L -1 GA 4+7 (T3 and S3 treatments) and control. The SOD activity in T3 treatment was significantly greater than CK1 at 25 289 DAS, and no significant difference was associated with control at other stages. S3 treatment significantly increased the with GA 4+7 at the rate of 0, 10, 60, and 120 mg L -1 , respectively. CK2, S1, S2 and S3 represent silk-smearing with GA 4+7 296 at the rate of 0, 10, 60, 120 mg L -1 . Different letters within each growth stage are significantly different (P < 0.05). The
297
vertical bars represent the ± the standard error of the mean (n = 3). The POD activity in ear leaf displayed a gradually decreasing pattern of change from 15 to 45 DAS. And at the same 300 stage, with the increase of GA 4+7 concentrations, POD activity decreased gradually (Fig. 8 ). T1 treatment had the best 301 effect on increasing the POD activity, followed by T2. There was no significant difference between T1 and T2. The POD 302 activity revealed a significant increase of 9.0%, 45.6%, 10.8% and 15.8% in T1-treated plants, compared to CK1 at 15, 25,
303
35 and 45 DAS, while that of T2 was 6.1%, 37.4%, 14.2%, and 15% higher than CK1. Whereas at the early grain filling 304 stage (from 15 to 25 DAS), the POD activity of T3 is higher than that of CK1, then the POD activity of T3 decreased 305 rapidly, and at 45 DAS, the POD activity of T3 was significantly lower than that in CK1. The treatments of silk-smearing 306 with GA 4+7 significantly increased the POD activity at all sampling stages compared with CK2, except for T3 treatment at 307 15 DAS. At 15 and 25 DAS, S1 had the best effects on increasing the POD activity, followed by S2. And from 35 to 45 308 DAS, the POD activities of T1, T2, and T3 were not significantly different from each other. S1, S2, and S3 increased the 309 average POD activities of the whole grain filling stages by 17.8%, 18.0% and 15.3%. Application of GA 4+7 had obvious effects on the activity of CAT and showed a gradually decreasing trend from 15 to 316 45 DAS (Fig. 9 ). With GA 4+7 shank-smearing applications, T1 treatment showed the best effect of CAT activity at all 317 sampling stages, followed by T2. And at 25 DAS, the CAT activity of T2 was significantly less than that of T1, but there 318 was no significant difference in CAT activity between T1 and T2 in other sampling periods. The CAT activity in T3 was 319 significantly higher than that of CK1 and significantly less than that of T2. All concentrations of GA 4+7 silk-smearing 320 treatments significantly increased CAT activity compared with CK2. The CAT activity of S2 was significantly higher than 321 S1, S3, and CK2. The average of CAT activity of all sampling stages in T1, T2, and T3 treatments was increased by 58.4%, 322 46.1%, and 17.7% compared with CK1. Similarly, S1, S2, and S3 treatments improved the average CAT activity by 20.2%, 14 323 39.8%, and 24.8% compared with CK2.
324 Fig. 9 . The effects of GA 4+7 smearing application on CAT activity in maize. CK1, T1, T2 and T3 represent shank-325 smearing with GA 4+7 at the rate of 0, 10, 60, and 120 mg L -1 , respectively. CK2, S1, S2 and S3 represent silk-smearing 326 with GA 4+7 at the rate of 0, 10, 60, 120 mg L -1 . Different letters within each growth stage are significantly different (P < 327 0.05). The vertical bars represent the ± the standard error of the mean (n = 3). The MDA content increased gradually from 15 to 45 DAS in all the treatments, with the increase in GA 4+7 treatments 330 significantly lower than that of the untreated control (Fig.10) . All the silking-smearing treatments (S1, S2, and S3) had 331 significant effects on decreasing the MDA from 15 to 45 DAS and were not significantly different from each other. While
332
the T1 and T2 treatments significantly reduced the MDA contents at all sampling times and were not significantly different 333 from each other. Moreover, T3 treatment exhibited relatively higher MDA contents than T1 and T2 treatments, and no 334 significant difference was shown between T3 and CK1. The MDA content in T1 treatment was reduced by 11.8%, 11.7%, 335 19.0% and 11.5%, while that of T2 treatment was reduced by 11.9%, 10.0%, 19.5%, and 12.3% compared to CK1, at 15, 336 25, 35 and 45 DAS, respectively. And the average MDA content from 15 to 45 DAS in S1, S2, and S3 treatment were 337 reduced by 1.36 U mg -1 FW, 1.43 U mg -1 FW, 1.22 U mg -1 FW, 11.5%, 12.0% and 10.2% reduced compared with CK2. and regulate the leaves senescence. Previously, GA 4+7 have been shown to be an effective growth regulator for several 347 crops that could increase the yield and improve the income for farmers [33] [34] [35] . In our study, GA 4+7 at a rate of 10 (T1) and 362 suggested that regulation of the IAA content in grains could potentially increase the weight of inferior grains. In present 363 study, ZR and IAA contents in the maize grains showed a significantly positive correlation with the maximum grain weight,
364
the maximum and mean grain-filling rates ( Table 4 ). The results indicated that ZR and IAA contents in grains were involved 365 in regulating maize grain filling. In addition, the changes of ZR and IAA contents in grains during grain filling stages 366 showed a similar pattern. The ZR and IAA contents in the grains transiently increased in the early grain-filling stage and 367 then decreased, reaching a maximum at 28 DAS. We also observed that the IAA and ZR contents between GA 4+7 -treated 368 plants and untreated maize had significant difference at early filling stage. However, with the development of grain filling 369 process, the difference of IAA and ZR contents between GA 4+7 -treated maize and control gradually narrowed ( Fig. 3 
377
G max : maximum grain-filling rates; G mean : mean grain-filling rates.
378
* Significant at the 0.05 probability level (n = 8).
379
** Significant at the 0.01 probability level (n = 8).
380
Furthermore, ABA and GAs also play important roles in regulated grain filling. Yang, et al. [27] suggested that a 381 higher ABA concentration in grains enhanced the remobilization of prestored carbon to the grains and accelerated the grain 382 filling rate. And the previous studies showed that ABA content in grains was significantly and positively correlated with 383 the maximum and mean grain filling rates and maximum grain weight [25] [26] 55] . In our present study, the ABA content 384 in grains were increased by exogenous GA 4+7 , and there was positively correlated between ABA and grain filling rate
385
( Table.4 ). However, the correlation between GAs and grain filling rate and grain weight were not in consistent. Liu, et al.
386
[25] and Liu, et al. [55] suggested that the content of GAs in the grains was not significantly correlated with the maximum photosynthetic pigments content and subsequent in the delayed aging.
405
With the knowledge of that developing seeds contain large amounts of hormones, which possess the ability of inducing 406 directional movement of nutrients within plants. The leaves senesce appears when a "sink" (young developing leaves or 407 seeds) needs the nutrients which were moved from the rest of the plant. Seth and Wareing [60] suggested that hormone-408 directed transport plays an important role in directing the movement of nutrients towards developing seeds. These indicated 409 that the application of exogenous GA 4+7 changed the level of hormones in seeds, thus affecting the antioxidant enzymes in 410 leaves and the senescence of maize. However, there are little research about exogenous GA 4+7 on reactive oxygen 411 metabolism in maize, and the specific mechanism needs further study.
412

Conclusions
413
Application of GA 4+7 under high density leads to an increase in the level of IAA, ZR, GA 3, and ABA. This increase 414 is attributed to improving the grain filling rate, grain weight and the number of kernels ear -1 were also increased, as well as 415 increased the yield. In addition, GA 4+7 applications improved the activities of antioxidant enzymes in leaves senescence.
416
The grain filling period could be prolonged by delaying the senescence of maize so that the grain filling was sufficient and 417 eventually increased the yield. Our results showed the positive effect of GA 4+7 on maize grain filling rate and antioxidant 418 enzymes, and could effectively be used for crop improvement, especially for cereal crops. At the rate of 60 mg L -1 , GA 4+7
419
showed the greatest effect for shank-smearing and silk-smearing (T2 and S2), followed by 10 mg L -1 (T1) for shank-420 smearing and 120 mg L -1 (S3) for silk-smearing. The results from the present study illustrate that GA 4+7 application could 421 efficiently be used for altering the level of hormones in grains and antioxidant enzymes in ear leaf, would be useful for 422 enhancing grain filling rate and delaying leaves senescence and increasing grain yield of maize.
